Extensive statistical analysis of the vector components of fluctuating magnetic fields have been performed in a time dependent neutral magnetic sheet. Cross spectral analysis indicates a variety of wave numbers present for each frequency investigated. Comparison of Fourier components of the cross spectral function with dispersion surfaces in k space demonstrates the waves are large amplitude whistlers; this is verified by polarization analysis, which shows the random waves' magnetic fields to be right-hand circular. Ion acoustic and Langmuir turbulence are also observed along with bursts of microwave radiation. Measurements of the electron distribution function f(v, r, t) and its fluctuations in velocity space relate wave and particle activity.
INTRODUCTION
Fluctuations are a pervasive property of any active medium. Noise that may be considered to be a superposition of many waves has been long observed in both laboratory and space plasmas. When free energy is available, as in a nonMaxwellian particle distribution, wave amplitudes can grow and turbulence ensues.
Magnetic fluctuations have been observed by satellites in the plasma sheet and its boundary layer [McFerron, 1979] and in the magnetopause [Sonnerup, 1976 [Smith and Tsurutani, 1976] . In addition, whistlers have been observed in the bow shock [Coroniti et al., 1982] . Satellites have detected fluctuating magnetic fields in the magnetosphere [Russell et al., 1972] . The Voyager 1 spacecraft data established the presence of whistler waves in the Jovian magnetosphere [Scarf and Gurnett, 1977] . These waves may be caused by a powerful perturbation such as a lightning stroke [Gurnett et al., 1979b] or by an anisotropy in the electron distribution function [Sentman et al., 1983] . The underlying physics of whistler waves has been treated in the classical works of Storey [1953] and Helliwell [1965] .
The electron distribution function in a current carrying plasma may often develop into non-Maxwellian; such a plasma is subject to a variety of instabilities [Kadomtsev, 1965] . The ion acoustic instability and ion sound turbulence has been extensively investigated in the laboratory [Gekelman and Stenzel, 1978 , and references therein] and observed in the solar wind [Gurnett and Frank, 1978] .
In this paper we wish to report observations of these instabilities as well as Langmuir turbulence in a magnetic field line reconnection experiment containing a neutral sheet. Although these waves are not unique to the present magnetic field topology, they are a natural consequence of the currents along the neutral sheet and the anisotropic distribution functions therein. These, in turn, are in part due to the sheared magnetic fields. Once these waves become unstable their feedback onto Copyright 1984 by the American Geophysical Union.
Paper number 3A1942. 0148-0227/84/003 A-1942505.00 the reconnection event is quite important. Ion sound turbulence can cause turbulent electron heating [Dum, 1978- 1 and dramatically raise the resistivity above the classical Spitzer value in the reconnection region [Wild et al., 1981] . In these experiments the Hall term (V x B) in Ohm's law was measured and found to be negligible with respect to other terms. An estimate of the inertial conductivity places it orders of magnitude larger than that due to Coulomb oscillations. The resistivity governs the reconnection rate [Vasyliunas, 1975; Sonnerup, 1979] ; in fact, without finite resistivity, the field lines, in accord with Maxwell's equations, would pile up at the separatrix and never reconnect at all. To simulate reconnection on computers, ad hoc resistivities are introduced [Sato and Hase•iawa, 1982] and are required for theoretical tearing mode calculations [Furthet al., 1963] .
The fluctuating magnetic fields associated with the turbulent whistlers affect the electron orbits. Although the ions near the neutral sheet are essentially unmagnetized, they are coupled to the electrons through space charge fields such that the ion collision rate may become anomalously high [Stenzel and Gekelman, 198 la] .
In a controlled laboratory experiment it is possible to study the structure of the magnetic and electrostatic turbulence in great detail. The variety of things happening simultaneously in a turbulent plasma implies that an overwhelming amount of data must be taken to sort them out. The introduction of relatively inexpensive, fast computers has led to a quantum jump in what is possible experimentally. Fully threedimensional measurements of the electron velocity distribution have been performed [Stenzel et al., 1983a] and will be discussed here and in a forthcoming paper in this journal. We point out that spacecraft measuring wave activity detect the waves at a Doppler shifted frequency owing to a combination of their motion and possible fluid drifts relative to the earth. Single probes take data at one spatial location and cannot determine the wave number spectra from correlation analyses such as those reported in this work. The present reconnection experiment has already shown detailed diagnostics of the space time evolution of the magnetic fields [Stenzel and Gekelman, 1981b] , the plasma parameters , the fluid dynamics [Gekelman et al., 1982a -I, the energy flow [Stenzel et al., 1982] , and current disruptions with double layer formations [Stenzel et The discharge pulse length is more than sufficient to reach steady-state plasma conditions, at which time the reconnection experiment is initiated. This involves establishing a transverse magnetic field B•_ = (B,,, B:) with a null point. Note that we have adopted x, y, z coordinates commonly used for the magnetotail where the y direction is along the separator, x is along the neutral sheet, and z is normal to it. A large sinusoidal current pulse (Is •-20 kA, rise time tr-• 100 #s) is drawn axially through two parallel aluminum plates (75 cm wide, 33 cm spacing, 180 cm length) located on top and bottom of the plasma column. The plates are insulated from the plasma, which is confined to the space between them. Axial and average transverse magnetic fields are of comparable strength.
The transverse magnetic field geometry in vacuum is shown schematically in the cross sectional view of the device (Figure la). Without plasma there is an X type neutral point on the axis of the device. However, with plasma, axial plasma currents are induced (I•, •> 1000 A) that modify the magnetic field topology. The self-consistent current distribution and field topology can result in the formation of a classical neutral sheet [Dungey, 1958] . The plasma current driven by inductive and space charge electric fields (E = -,• -17&p) is mainly carried by the electrons. During the initial phase of external current rise (dis/dr > 0, 0 < t •< 100 #s) the electrons drift from the cathode toward the end anode. The current closes via the grounded chamber walls to the cathode. No net current flows to the insulated plates or to the radial chamber walls which are well separated from the plasma column.
The cathode emits as many electrons as are collected at the end plate so as to maintain approximate space charge neutrality prior to the reconnection event. However, as the applied inductive electric field (,4 •< 0.5 V/cm) can exceed the classical runaway field [Dreicer, 1959] (E, -• rrteVeit)e/e "• 0.1 V/cm, where /)e 2 --' 2kTe/rne) and since the space charge limited emission [Langrnuir, 1929] does not provide for current densities j •> nev e the plasma sets up an axial space charge electric field -V•be opposite to the induced field. This shielding effect limits the electron drift to vd < re, at least on the average over the entire plasma cross section. However, by decreasing the plasma density, the space charge contribution may be substantially lessened.
The evaluation of statistical quantities such as rms field fluctuations and correlation tensors is made possible through a data acquisition system and processor. The wave forms are digitized by fast (Transiac 100 MHz, LeCroy 20 MHz) analog to digital (A/D) converters that are controlled by an LSI 11/23 computer. The computer also drives stepping motors that position probes within the device. The computer is too slow to perform the necessary arithmetic such as fast Fourier transforms, digital filtering, and correlations during the 1.5 s between shots. An array processor (CSPI Map 200), therefore, has been interfaced to the computer. Upon performing all the calculations, the MAP places the results in the core of the LSI 11; it is subsequently placed on disc. Upon completion of a data run the final data set is shipped via a direct link to large (Cray, CDC 7600) offsite computers.
PREVIOUS EXPERIMENTAL RESULTS
Before addressing ourselves to fluctuations it is helpful to review the average magnetic field topology (part 1) as well as other macroscopic properties. Plate 1 is a stereo slide pair that should be examined with a proper viewer. 
This was approached heuristically by a convergence test.
Output from a white noise generator (20 kHz _< f_< 1 MHz) was fed into the 20-MHz analog to digital converters and digitally filtered [Liu, 1975] The normalized CSF magnifies the low level waves since the denominator of (5) is proportional to B•E, B2 .... which can be misleading in estimating the spatial properties.
We point out that the filtered signal from a pickup loop is proportional to coB, where co is the center frequency of the digital filter. The signals, therefore, were not integrated since the common factor co drops out in (5) and is an overall multiplicative constant for the unnormalized CSF (equation (4) In the simplest case of a single wave number and frequency, the expected pattern would be a succession of wave fronts with a maximum amplitude at the reference probe location [Gekelman and $tenzel, 1978] . If the wave propagation were spatially isotropic, the pattern would appear like the ripples in a pond after a pebble was dropped into it. Since the present case is more complicated, we begin to make further inferences about the waves by analyzing the CSF contours as a function of delay time Since the digital filter in this experiment has a value Q = 10, a significant amplitude decay of the CSF is not seen during the 3-tts delay time with respect to each start time t. The average amplitude of the CSF does, however, diminish as the reconnection event progresses. All components are a factor of 2 smaller at t = 50 tts since the induced electric field and neutral sheet current also decay in time.
Data taken in the x-z plane have a similar structure to those of the x-y plane. In principle, a three-dimensional correlation measurement in a volume of space would be required to determine the true wave number. Because of the nearly isotropic wave propagation two orthogonal planes are adequate.
At lower frequencies the wavelengths approach the system boundary size. The set of data at co/2• = 500 kHz had a similar structure to that in Figure 6 ; however, the wavelengths were longer and for co/2• = 200 kHz, which is just above the average lower hybrid frequency, the CSF is largest in the neu-, tral sheet region and appears to be a standing wave. To avoid any complications due to bounded modes, most of the analysis was focused on the highest frequency (1 MHz) mode. tensor components of the CSF. This analysis is not possible in a multimode pattern such as is shown in Figure 8a .
Prior to the polarization analysis we wish to review some basic properties of monochromatic whistlers excited by antennas in the neutral sheet.
TEST WAVE EXPERIMENTS
The CSF of the random 1-MHz waves exhibit good correlations through the entire x-y plane. Besides weak damping, this fact suggests that the excitation sources are extended so as to excite plane waves. For comparison, we now launch whistler waves at the same frequency under identical conditions from an antenna placed into the neutral sheet. Such wave experiments have been performed earlier in a quiescent, uniformly magnetized plasma with similar parameters (coy >> coc, (_DLH < (_D < (_Dc) except without a current sheet [Stenzel, 1975] . In these experiments a magnetic loop launched whistlers with diverging phase fronts, which causes an amplitude decay due to the divergence of the wave energy. The presence of a density gradient causes considerable wave refraction and amplitude variations. In the reconnection geometry the magnetic field is sheared (Plate 1) and the density within the neutral sheet is highly nonuniform (part 2). In order to facilitate comparison with the random waves, the test signal is launched near the center of the neutral sheet during the reconnection event. The test wave exciter does not generate plane waves. Owing to geometric spread of the wave energy from a point source, the wave amplitude decreases rapidly with distance from the exciter. In contrast, the unstable waves exhibit a small amplitude decay. One can therefore conclude that the random waves are generated by extended sources; for example, long current filaments within the neutral sheet.
The exciter is a 6-cm diameter, five turn loop, launching a wave with B z • 3 G at 1 MHz. The applied signal is attenuated and is used as the reference signal in the correlation setup that is identical with an interferometer circuit. Owing to the phase coherence the test wave signal is easily distinguished

WAVE POLARIZATION
We consider the theoretical dispersion and polarization properties of whistlers in the quasi-longitudinal approximation [Ratcliffe, 1959] The polarization sampling procedure was relegated to waves moving, on the average, at small angles with respect to the background magnetic field. The spectrum of (B:•B,,2) in the kx-k•, plane has one intriguing highly oblique mode ( Figure   8c ). An estimation of its polarization is possible, but best follows a discussion of the three-dimensional spectra.
THREE-DIMENSIONAL WAVE PROPAGATION
Wave number data acquired in two orthogonal (kx-ky) and (kx-k:) planes make a three-dimensional reconstruction of the The density within the neutral sheet is nonuniform (part 2) and may be 2.5 times larger at the second-order contact points of the separatrix than in the center of the neutral sheet. Waves in lower density regions in turn give rise to points in Plate 5a that lie closer to ky •_ 0 for nearly perpendicular propagation.
The magnetic field is constant to within 10% along the y direction but increases in the x-z plane as one moves away from the neutral sheet. In this situation the wave dispersion surfaces are expected to sweep through a volume. The curves that are drawn in Plate 5a may be interpreted as a reasonable outer envelope for these experimental parameters. That the majority of the modes fall within this volume of k space is strong evidence that the magnetic turbulence is comprised of Figure 14 shows a large burst of electromagnetic radiation during reconnection. In this case the event is triggered late in the discharge to make the signal easily distinguishable from that due to the primary (ionizing) electrons. In a separate experiment [Whelan and Stenzel, 1981] , electromagnetic radiation at the plasma frequency is observed to be generated when electron plasma waves scattered off ion acoustic fluctuations. The Langmuir waves were driven unstable by an electron beam. In the reconnection event a runaway tail of electrons, confined to the neutral sheet, is produced by the induced electric field. Langmuir waves grow at the expense of the free energy in the tail, scatter off ion acoustic waves or convert on density gradients to generate the observed microwave emission.
ELECTRON DISTRIBUTION FUNCTIONS
Non-Maxwellian particle distribution functions may provide conditions for plasma wave growth. If these waves reach, large amplitudes particles in turn may be scattered or trapped by them. If the full distribution function were known, f(v, r, t), most instabilities may be predicted theoretically or by simulations. Although a complete measurement of f is a massive undertaking in data acquisition, several steps toward it have been made. One would like to compare the observed wave phenomena and particle scattering with distribution functions to see if they are consistent. A strong modification of the distribution at a given phase velocity may be reflected by strong wave activity there. In this section some preliminary measurements will be discussed; details will be presented in a subsequent article in this journal. . Correlation of magnetic fields measured by the satellite pair was used to find the phase velocity, again for the uncommon case of nearly monochromatic signals. Dispersive effects make such two point correlations difficult since the spacecraft are always more than several wavelengths apart. Nevertheless, these waves were found to be oblique whistlers driven unstable by ion beams reflected off the bow shock. Whistlers seem to be ubiquitous in space plasmas, having thus far been observed in the bow shock, auroras, plasma sheet, magnetosheath, and solar wind, as well as in the environs of Jupiter.
In our laboratory plasma we have established a magnetic field topology similar to that of magnetotail models. A possible difference is our axial field component Byo, which at times may exist in the magnetotail but is usually ignored in theoretical and numerical models [Sonnerup, 1979] . It establishes magnetized electrons in the current sheet and whistler eigenmodes throughout the dissipation region. Our observations show that the whistler wave activity correlates with the neutral sheet current; for example, the wave intensity nearly vanishes at current reversal (lp •_ 0 at t -80/•s).
In this experiment, we used two probe cross correlation techniques for analyzing magnetic turbulence. This powerful technique has not yet been employed in space physics since it requires mother-daughter satellite system s . From the correlation measurements, we have established the wave dispersion co(k) and magnetic field polarization B(•). This was feasible through the use of digital data processing involving fast Fourier transforms and digital filtering on the spatial and temporal dependence of magnetic fluctuations. A dominant mode found in two components of the CSF lent itself particularly to examine the B field polarization that was found to be righthanded. A procedure to estimate the wave numbers in three dimensions for this right-hand circularly polarized wave as well as the other components of the noise enabled comparison with the dispersion surfaces of the whistlers. Full threedimensional analysis will be possible with increased computer memory and mass storage. Higher order correlations have already been used to estimate wave-wave coupling and transport [Powers, 1974; Roth et al., 1978] in a simpler geometry and could be extended to this case.
Having established that the observed random waves are oblique whistlers sets the stage for future experiments that will explore how (or if} the whistlers feed back on the reconnection process via particle dynamics. The wave frequencies are well above the ion but below the electron cyclotron frequency: coci << coLH •' co < coce < copi << cope' In this frequency regime It is possible to unravel the interplay of particles and waves.
It must be done at the most fundamental level, the detailed measurement of particle distribution functions and the phase space correlation of wave-particle data. As reported here, techniques have been developed to measure f(v, r, t) and its velocity space fluctuations, which lay the groundwork for the next phase of this investigation. As data become available, rapid theoretical progress in turbulence will surely follow [Montgomery, 1982].
